O lfactOry neuroblastoma (ONB), or esthesioneuroblastoma, is one of the neuroendocrine malignancies of the sinonasal tract.
couple of decades, development of endoscopic techniques has provided additional surgical options for patients with sinonasal malignancies, including ONB. 30 We previously reported our initial experience managing ONB with completely endoscopic techniques and margin assessment based on contiguous circumferential tissue analysis. 13 In this report, we update this initial experience 13 and present a series of 20 consecutive patients treated over the past 11 years at a single skull base center.
Methods
Under IRB-approved protocols, the Johns Hopkins Hospital (JHH) Pathology and Endoscopic Skull Base Center Databases were queried for patients who were treated surgically for ONB by the authors between January 2006 and January 2017 at JHH. Patients who underwent a completely endonasal endoscopic approach for an oncological tumor resection using the principles described in Gallia et al. 13 were included. Patients who underwent an endoscopeassisted resection, where a craniotomy was combined with an endonasal endoscopic approach, or an open CFR were excluded. Patient demographics, tumor stage, pathological grade, frozen section analysis, permanent margin assessment, perioperative complications, postoperative therapy, length of follow-up, and outcomes at last follow-up were collected via retrospective chart review and analyzed. Patient consent was not required for this study. Modified Kadish staging was utilized: stage A, tumor confined to the nasal cavity; stage B, tumor confined to the nasal cavity and paranasal sinuses; stage C, tumor extent beyond nasal cavity and paranasal sinuses, including involvement of the cribriform plate, base of the skull, orbit, or intracranial cavity; stage D, tumor with metastasis to cervical lymph nodes or distant sites. 22 Histopathological grading was according to Hyams. 15 We have previously described our preoperative evaluation, surgical approach, and postoperative management for patients with sinonasal malignancies including ONB. 13, 30 Preoperative high-resolution skull base imaging is performed with both CT and MRI to determine the extent of disease and resectability via a purely endoscopic approach. 3, 28 A preoperative PET/CT scan with 2-deoxy-2-[ 18 F]fluoro-d-glucose (FDG) is currently standard in our practice to evaluate for systemic disease. Patients are considered for an expanded endonasal endoscopic approach should the extent of tumor, including tissue for margin assessment, be accessible via an endonasal surgical corridor. Circumferential contiguous margins are analyzed from the sinonasal cavity/septum, extracranial skull base, and intracranial space including the dura, falx, and olfactory nerves. 13, 30 There are various skull base reconstruction methods, including nasal vascularized flaps, acellular dermal grafts, and synthetic materials. 12, 13 Statistical analyses employed standard descriptive techniques to characterize the study population. Overall survival (OS) was determined from the date of resection to death from any cause or last follow-up. Disease-specific survival (DSS) was determined from the date of resection to death directly attributable to ONB or last follow-up. Recurrence-free survival (RFS) was determined from the date of surgery to date of recurrent ONB or last followup. For OS and DSS analyses, last follow-up was defined as the most recent communication with a JHH physician. For recurrence analysis, last follow-up was defined as the most recent evaluation of disease status by a member of the patient's oncology team (neurosurgeon, otolaryngologist, radiation oncologist, and/or medical oncologist) at which a disease assessment was performed. For patients undergoing a staged resection, OS, DSS, and RFS were calculated from the date of the final surgical procedure. Five-year OS, DSS, and RFS, reported as percentages, were obtained from the survivor function, which was estimated by the Kaplan-Meier method. 19 For patients who presented to JHH with recurrent disease, time zero for survival analyses was defined as the date of resection of the recurrent tumor.
Results
A total of 28 patients were identified. Twenty of these patients underwent a purely endoscopic approach for an oncological resection of an ONB, and their data were analyzed (Table 1) . Four patients who underwent an endoscope-assisted resection (1 patient with stage B, 3 patients with stage C), 3 patients who underwent an open CFR (all stage C), and 1 patient who underwent a parotidectomy and neck dissection were excluded from analysis. The mean age of the 20 included patients was 51 years (range 34-73 years), and the male to female ratio was 1.9:1. Nasal congestion and sinusitis were the most common presenting symptoms. Eighteen patients (90%) presented with newly diagnosed disease, and 2 (10%) presented with recurrent tumors. Prior to definitive resection, all patients underwent an endonasal endoscopic biopsy and/or partial resection and specimens were reviewed by the JHH Pathology Department and interpreted as ONB. Of the patients with newly diagnosed disease, 11 presented with stage C, 3 with stage B, 2 with stage A, and 2 with stage D. Both patients with recurrent tumors had prior surgery as a sole treatment modality-17 months prior to presentation at JHH in one case and 61 months prior to presentation at JHH in the other. At recurrence, one of these patients had stage B disease and the other stage C disease. The Hyams grade was 1 in 3 cases (15%), 2 in 11 cases (55%), and 3 in 6 cases (30%). Seventeen patients, and all patients treated since 2010, had preoperative PET/CT scans. Three of these patients, all with newly diagnosed disease, had cervical FDG activity.
All patients underwent a purely endonasal endoscopic approach, performed with the intention of obtaining negative intraoperative circumferentially contiguous margins. Fifteen patients (75%) underwent a single surgical procedure, and 5 patients (25%) underwent staged procedures. In patients with FDG neck activity, surgery was performed in a staged fashion, with the first stage comprising a neck dissection and resection of the sinonasal component of tumor with intraoperative margin assessment; stage 2 consisted of resection of the skull base, intraoperative margin assessment, and skull base reconstruction. In 2 other patients, cases were staged due to the length of the procedure. Four patients had a unilateral resection.
An average of 25.3 frozen specimens (median 26, range 4-41) were analyzed per patient. In all but 1 patient, negative intraoperative margins were achieved on frozen histopathological analysis. In 1 patient, mucosa in the anterolateral aspect of the frontal sinus contained atypical nests suspicious for tumor; there was no remaining mucosa in this region to obtain a superseding soft tissue specimen. In 7 patients (35%), at least 1 margin that was negative on frozen analysis had microscopic foci of tumor on permanent analysis. Of these specimens (10 in total), 5 were obtained from mucosa in the sinonasal cavity/septum, 4 were from the extracranial skull base, and 1 specimen was from the intracranial space (dura). Two of these patients were taken back to the operating room for re-resection of the involved margin. In both cases, all specimens from the re-resection were negative on frozen and permanent analyses. In the remaining 5 cases, no additional surgery was performed for one of several reasons: 1) additional tissue had been removed well beyond the intraoperative false negative specimen during the initial surgery (2 patients), 2) patients were planning on proceeding with chemotherapy (2 patients; 1 with stage D and the patient with the positive margin), and 3) the patient declined further surgery (1 patient). Two of the 3 patients undergoing a neck dissection had cervical metastatic disease. Perioperative complications occurred in 7 patients (35%). One patient developed an intraoperative hypertensive crisis due to a catecholamine-secreting ONB. 31 Three patients developed postoperative surgical complications. Two of these 3 patients had more than expected pneumocephalus, and in both cases it was managed conservatively by early removal of the lumbar drain. The third patient had a skull base CSF leak that required additional surgery; this patient was also one of the 2 who underwent re-resection of a margin that was negative on intraoperative frozen section analysis during the initial resection but positive for tumor on permanent section. Three patients experienced postoperative medical complications. One patient with a history of atrial fibrillation developed a pulmonary embolism, 1 patient had Clostridium difficile colitis, and 1 patient developed transient atrial fibrillation.
Nineteen patients (95%) received postoperative radiotherapy, and 5 (25%) received postoperative chemotherapy. Indications for chemotherapy included stage D disease in 2 patients, stage C disease and extensive mucosal spread in 2 patients (including the patient with the positive margin), and stage B disease with unilateral resection of a high grade (Hyams 3) tumor in 1 patient.
The overall mean duration of follow-up was 71.3 months (range 16-141 months), the median follow-up time was 70.4 months (interquartile range [IQR] 46.1-95.8 months), and the mean time between the last reported follow-up and manuscript submission was 4.2 months (range 0-10 months). There were no patients lost to follow-up. Twelve patients have been followed for at least 5 years since treatment at JHH. Nineteen patients (95%) were alive at last follow-up. One patient who presented with newly diagnosed disease died from an unrelated cause (pancreatic cancer) 56 months after surgery and had no evidence of recurrent ONB at the time of death. The 5-year OS and DSS were 92.9% (95% CI 59.1%-99%) and 100%, respectively ( Figs. 1 and 2 ). For recurrence analysis, the mean oncological follow-up was 65 months (range 16-141 months), the median oncological follow-up was 57.5 months (IQR 33.3-93.6 months), and the mean time between last oncological follow-up and manuscript submission was 11.3 months (range 0-60 months). Ten patients have had more than 5 years of oncological follow-up. Two patients (10%) experienced recurrent ONB, including 1 patient who initially developed a local recurrence and 1 who developed neck metastasis. One patient with newly diagnosed stage C ONB treated with radiotherapy following a bilateral resection developed an intraorbital recurrence 43 months after surgery. This recurrence was treated with re-irradiation. Eighteen months later, the patient developed neck disease and underwent bilateral neck dissections and additional radiotherapy. The patient subsequently developed small subdural deposits, which were treated with radiosurgery, and has been in clinical trials for progressive orbital and intracranial disease. This patient is currently 114 months out from initial surgery, off all treatment, with stable disease. The second patient who experienced ONB recurrence was also initially treated for newly diagnosed stage C disease; the patient's preoperative PET/CT scan was negative for systemic disease. After endoscopic bilateral resection, this patient was treated with postoperative chemoradiotherapy for extensive mucosal spread. Sixty-one months after resection, the patient was found to have FDG activity in the soft tissue anterior to the clivus and in the right neck. An endoscopic approach was performed for resection of the FDG-avid nasopharyngeal/clival tissue and neck dissection. The nasopharyngeal/clival pathology was negative for tumor; neck pathology confirmed metastatic ONB. The patient subsequently underwent bilateral neck irradiation and is now 52 months out from his last surgery with no evidence of disease. The 5-year RFS was 92.9% (95% CI 59.1%-99%) (Fig. 3) .
Discussion
Central to contemporary surgical approaches in patients with sinonasal malignancies is the ability to obtain a negative margin resection; other key surgical principles include preservation of critical neurovascular structures, separation of intracranial and sinonasal compartments, and optimizing cosmesis. Given the origin of ONB in the superior aspect of the nasal cavity, in the majority of cases, obtaining a negative margin necessitates resection of the cribriform plate, dura, and olfactory bulbs/distal nerves. Surgical approaches to achieve these goals and in particular an oncological resection have traditionally included an open CFR. The largest study of open craniofacial surgery in ONB patients was reported by an international collaborative study group and included 151 patients from 17 investigators up to 2000. 24 In this study, which included 33 patients with Kadish stage A/B disease and 116 with Kadish stage C disease, the 5-year OS, DSS, and RFS rates were 78%, 83%, and 64%, respectively. Overall, 32% of patients developed a complication; central nervous system and wound complications were the most common. 24 Over the past couple of decades, there has been tremendous development and application of endoscopic approaches to skull base pathologies, including sinonasal malignancies. 30 With respect to ONB, the earliest reports of a purely endoscopic approach were in the late 1990s. 1, 33 Since that time, there have been numerous case reports and series of ONB patients treated with completely endoscopic approaches. 29 It is important to note that the surgical principles of skull base surgery remain unchanged in the application of more recent techniques and approaching a particular case endoscopically should not compromise these principles. Certainly, in some cases, a negative margin resection cannot be achieved, irrespective of the approach used, but the main driving principle in consideration of surgical techniques should remain focused on the approach that can result in the best oncological outcome.
It is not surprising, given the rarity of ONB, that the majority of reports detailing management of ONB with purely endoscopic techniques contain small number of patients. In fact, there are only a few studies that include more than 20 patients treated solely endoscopically. In a study reported by Folbe et al., 10 data from 23 patients with ONB treated endoscopically at 2 centers were analyzed. In that study, 19 patients were treated for primary disease and 4 for recurrence. For the 19 patients with initial disease, modified Kadish staging was A in 2 patients (10.5%), B in 11 patients (58.9%), C in 5 patients (26.3%), and D in 1 patient (5.3%). Complete resection and negative intraoperative margins were reported in 17 of the patients undergoing primary treatment. One patient required a craniotomy for complete resection of a positive lateral dural margin, and another patient had positive margins at the orbital apex. Four CSF leaks were reported. Sixteen patients (69.6%) had postoperative radiotherapy. The mean duration of follow-up was 45.2 months. All patients with primary disease were without evidence of disease at last follow-up. Of the 4 patients with recurrent disease at presentation, 3 were without disease at last follow-up. 10 In a study by Feng et al., 9 24 ONB patients were treated endoscopically. In that study, 19 patients presented with newly diagnosed ONB and 5 with recurrence. Both Kadish 18 and Dulguerov 8 classifications were reported. Three (12.5%), 6 (25%), and 15 (62.5%) patients had Kadish stage A, B, and C, respectively; 9 (37.5%), 7 (29.2%), 2 (8.3%), and 6 (25%) patients had T1, T2, T3, and T4, respectively. Complete resection and negative margins were reported in 19 patients (79.2%). Interestingly, although in the majority of patients (62.5%), tumor mainly involved the cribriform plate and skull base, only 4 patients were reported to have resection of the entire cribriform plate, dura, and olfactory bulb. Twenty patients (83.3%) received postoperative radiotherapy and 7 patients (29.2%) also received chemotherapy. One patient developed a CSF leak. The median duration of follow-up was 44 months. Four (16.6%) patients, all with Kadish stage C disease, died of tumor recurrence; the 3-year OS and disease-free survival (DFS) rates were 82% and 70.8%, respectively. 9 These results are lower than in our current study and in other groups' experiences. 10, 27 We agree with the authors 9 that the involvement of the cribriform is an important prognostic factor in recurrence when extradural resections are performed and we advocate for initial resection of the cribriform plate, dura, and olfactory bulbs/nerves with contiguous circumferential margin assessment when the cribriform is involved.
In a recent study by Lund and Wei 21 on endoscopic surgery for sinonasal malignancies, the authors reported 140 cases between 1996 and 2014 including 36 with ONB. Postoperative radiotherapy was given to 33 ONB patients (91.7%) and combined with chemotherapy in 25 patients (69.4%). Mean follow-up in this study for patients with ONB was 77.6 months (range 6-162 months). The authors reported a 97% OS at both 5 and 10 years and a 90% DFS at both time points. Mean OS and DFS were 162 and 150 months, respectively. 21 In a separate study, these authors compared endoscopic and open surgical techniques in patients with ONB. 27 In this 35-year experience with 95 patients who underwent surgery for ONB between 1978 and 2013, 65 patients underwent a CFR and 30 underwent a purely endoscopic approach. The majority of patients received postoperative radiotherapy and after 2003 all patients received postoperative chemoradiotherapy, unless contraindicated. Mean follow-up was 90 months (range 1-309 months) in patients who underwent a CFR and 73 months (range 3-143 months) in patients undergoing an endoscopic resection. OS and DFS were significantly improved in the endoscopic group compared to the CFR cohort. The 5-and 10-year OS in the CFR group were 76.5% and 67.8%, respectively and in the endoscopic group these values were 100%. The 5-and 10-year DFS were 73.5% and 57.1%, respectively in the CFR group and 96% and 75.6% in the endoscopic group. Patients with more advanced disease were significantly more likely to undergo a craniofacial compared to endoscopic resection and patients treated endoscopically were significantly more likely to receive postoperative chemoradiotherapy. 27 These studies highlight another important question in the management of patients with ONB, that is, the role of chemotherapy. Given the rarity of this disease, it is not surprising that there are various treatment algorithms. In our practice, chemotherapy is added in select situations and in our current endoscopic cohort, only 25% of patients received chemotherapy following surgery.
In addition to the above and other studies on ONB, 29 there are a few meta-analysis and systematic reviews of the literature comparing various surgical approaches in the management of this malignancy. In a meta-analysis of 23 studies between 1992 and 2008 comprising 361 patients reported by Devaiah and Andreoli, 5 better survival rates were found in patients treated with endoscopic surgery compared to open surgery. This comparative analysis is confounded by the fact that most patients who underwent open surgery were Kadish stages C and D, whereas the patients undergoing endoscopic techniques more commonly were Kadish stages A and B; given the limited numbers, stratification by stage was not possible.
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In a systematic literature review, Komotar et al. compared outcomes between patients undergoing a CFR, a cranionasal (endoscope-assisted) approach, and a purely endoscopic endonasal approach. 20 A total of 47 studies published between 1985 and 2010 containing 453 patients were included in this analysis. In this report, rates of local recurrence were lower and rates of negative margins were higher among patients undergoing purely endoscopic procedures (8% and 93.8%, respectively) and endoscopeassisted procedures (16.7% and 95.8%, respectively) than among patients undergoing a CFR (22.1% and 77.3%, respectively). 20 Similar to the Devaiah and Andreoli study, 5 there were a greater proportion of lower-grade tumors and fewer higher-grade tumors in the endoscopic group compared with the craniofacial group and, consequently, direct comparisons of outcomes, complications, and survival were not possible between groups. 20 In a recent systematic review and meta-analysis, Fu et al. evaluated 36 studies containing 609 patients comparing outcomes for open versus endoscopic resection of ONB.
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In this analysis, endoscopic surgery was defined as a purely endoscopic approach; open surgery included transcranial, transfacial, and endoscope-assisted procedures. In the aggregate participant data analysis, patients undergoing an endoscopic resection had significantly lower rates of locoregional recurrence (17.4% versus 45%), distant metastasis (1.1% versus 7.5%), cause-specific mortality (0% versus 15.2%), and overall mortality (0% versus 19.9%) compared to open surgery. In the pooled individual participant data analysis, endoscopic surgery was associated with significantly higher rates of OS and DFS on univariate analysis. This was not significant, however, on multivariate analysis when controlled for age, stage, chemotherapy, and radiotherapy. In a subgroup analysis, the authors reported that patients with Kadish stage C/D had improved OS and a trend to improvement in DSS when treated endoscopically compared to open surgery. Patients with advanced Hyams grade (III/IV) also had significantly higher OS and DSS when treated endoscopically compared to open surgery. 11 As noted previously, a central tenet to skull base surgery for sinonasal malignancies is the goal of achieving a negative margin resection. Not surprisingly, given the rarity of ONB, there are only a handful of studies which report on margin status in ONB. In the largest of these studies, Patel et al. found positive (including close) surgical margins predictors of worse OS (p = 0.02), DSS (p = 0.04), and RFS (p = 0.01). In a study by Van Gompel et al., circumferential negative margins were found associated with improved survival. 36 In the study by Resto et al., the most significant predictor of decreased time to recurrence and decreased OS was positive surgical margins. 26 There are other studies, however, that did not find these associations, 6 and notably the majority of studies do not analyze surgical margins.
This topic is likely more complex than on cursory review. For example, are the reported surgical margins specimen margins or resection-cavity margins? Are these contiguous circumferential margins or are they from selected regions of the specimen or resection cavity? Is the intraoperative frozen section analysis or permanent histopathological findings most important (i.e., what is the impact of a microscopic focus of tumor on permanent histopathological analysis)? Moreover, is there a difference in RFS, DSS, and/or OS between these variables? In our practice, we obtain circumferential contiguous tissue around the tumor for frozen section analysis. 13, 30 For the sinonasal and extracranial margins, these are obtained with the tumor in situ (often debulked) and are best considered resection cavity margins. For the cribriform/dural margins, these are most often specimen margins; however, resection cavity margins have also been analyzed. Irrespective of the margin location, tissue is obtained in a contiguous fashion circumferentially around the tumor.
In our cohort, we achieved negative intraoperative margins on frozen section analysis in all but 1 case. On permanent histopathological analysis, however, we found microscopic foci of tumor cells in 35% of cases. In a recently published study, 16 we examined the performance of frozen section analysis in ONB and found a sensitivity of 0.89, a specificity of 0.96, an accuracy of 0.95, a positive predictive value of 0.86, a negative predictive value of 0.97, a likelihood ratio positive of 24.38, a likelihood ratio negative of 0.11, and a prevalence of 0.20. Based on these metrics and the number of samples we take per case, which in this study averaged 25.3, the finding of falsely negative frozen margins in 35% of cases is not surprising. It is somewhat unclear what to do in such cases, as often there is more tissue removed external to the falsely negative intraoperative specimen, most patients receive adjuvant radiotherapy, some patients will receive chemotherapy, and there is often a long time to recurrence. In our practice, we perform a risk assessment of the probability of residual tumor by reviewing the specimens with our head and neck pathology colleagues and intraoperative documentation, including photographs and video; discuss the various options with the patient; and present these cases at our multidisciplinary head and neck tumor board. In cases where the risk is low, such as in a case where there is a microscopic focus of cells and tissue was removed distal to this region or in patients in whom chemotherapy is planned, we typically proceed with adjuvant radiotherapy or chemoradiotherapy, respectively. In cases in which we feel the risk of disease is moderate to high, we recommend returning to the operating room for re-resection. In 2 cases, we did just this, and in both cases, the results of analysis of the frozen and permanent specimens obtained at re-resection were negative. Additional studies reporting outcomes in similar situations will be needed to further clarify the optimal management strategy in such cases.
There are several limitations of our study, including the retrospective design. In addition, although this is one of the largest single-center studies reporting outcomes for ONB patients treated purely endoscopically, this study only contains a cohort of 20 patients. Moreover, ONB recurrence often occurs in a delayed fashion. In the systematic review by Komotar et al., 20 the average time to local recurrence in patients who underwent purely endoscopic resection of ONB was 33 months, and recurrences can occur well past this time. 23, 27 Thus, although our mean follow-up was over 5 years, continued surveillance is essential to determine long-term outcomes for ONB patients treated purely endoscopically.
Conclusions
This case series provides additional evidence for the continued use of endoscopic procedures in the oncological management of well-selected cases of ONB. Due to the delayed recurrences seen in ONB, long-term follow-up of larger patient cohorts is required to define the role of purely endoscopic approaches in the treatment of this malignancy.
